A novel fast charging algorithm based on a simplified electrochemical thermal battery model considering side reactions is proposed in this paper. The method applies multistage charging strategies to charge the battery. The results of the testing on a high power NMC lithium-ion cell subjected to the method are reported. The presented charging curve permits a full recharging of the cell in approximately 35 minutes, nearly 50% of the Constant Current-Constant Voltage (CC-CV). The model is used to dynamically estimate the side reaction rate and degradation representatives at anode. The simulation and experimental results show that the proposed charging method reduces the side-effects generally accompanied by the normal CC-CV charging and slows down aging rate of a cell.
Nomenclature

Abbreviation
EV
Introduction
In recent years, lithium ion battery (LIB) has been a mainstream in power storage system for electric vehicles (EVs) owing to its higher energy and power density than other storage technologies [1] [2] [3] . However, one of the major issues hampering the acceptance of EVs is the anxiety associated with long charging time.
Hence, the ability to fast charging LIB systems is gaining popularity [4] . Generally, most battery management systems (BMS) use a constant current until a certain voltage and then a constant voltage to reach the full capacity, which is called CC-CV charging. The CC-CV charging profile is easy to realize, but it can be optimized by taking less charging time, lower aging rate and better safety into account. As a result, a lot of fast charging methods have been developed [5] [6] [7] [8] [9] [10] .Yi-Hwa Liu et al. presented a five-step constant charging pattern based on a Taguchi-based algorithm [11] . Xiaogang Wu et al. constructed a optimal multi-stage charging method that considers the charging time and energy loss as optimization targets [12] . Nevertheless, most of them ignore the battery performance in the long term and reduce its cycle-life due to pumping of every high currents into the battery within very short time intervals. High concentration gradient of Lithium ions at anode surface could lead to irreversible capacity fade resulted from side reactions which further accelerates the solid electrolyte interphase (SEI) growth [13] [14] [15] . As is shown in Eq.1, when side reactions continue during cycling, the produced deposits containing reactive ions lead to ionic resistance increase and capacity fade. Fig.1 
Therefore, it is useful to put forward a fast charging profile not only meets the speed requirement but also restrains the side reaction rate. In this paper, a multistage fast charging technique for LIB is proposed. The charging curve is formed considering the electrochemical processes involved during charging in order to obtain optimal battery performance and prolong battery cycle life. 
Model Establishment
The desired reaction is lithium intercalation into graphite following Eq.2. The intercalation current density is represented as . The side reactions current density is denoted as in Eq.1. The total volumetric current density is the sum of the current of the above two reactions as shown in Eq.3:
The Bulter-Volmer equation is linearized as:
where 0, is the exchange current density of lithium intercalation, and η is the surface overpotential defined as:
where and are potentials in the solid phase and electrolyte phase, respectively; is the resistance of the surface film, determined by SEI only; is the equilibrium potential for intercalation reaction. The local current density of side reactions is calculated by the cathodic Tafel expression as follows:
where 0, is the exchange current density of side reactions and is the number of ions involved in the side reactions which is equal to 2 in this study. Overpotential of side reactions η is described as:
where , is the equilibrium potential of the side reactions: (10) where the unit of is Ah, − denotes the thickness of composite anode (m), is the total operating time (s), A is the electrode plate area, and is active surface area per electrode unit volume.
Energy conservation of the whole cell (lumped thermal model) is expressed below:
where
is the heat generation including joule heating and , and is referred to the author's previous work [16, 22] and not described in detail here. The aging model is demonstrated in Fig.2 . Figure 2 Block diagram of the electrochemical aging model.
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Fast-charging protocol
The proposed multistage fast charging pattern is shown in Fig.3 . The investigated NMC battery has a capacity of 28 Ah. The charging process is divided into four different stages, referred as pulse stage 1(P1), CC-CV stage 2(C2), pulse stage 3(P3), pulse stage 4(P4). The first stage (P1) starts with a pulse sequence of variable amplitudes. The current density applied during each charging pulse is decreased as the pulse sequence progresses. The diffusion rate of lithium into the graphite is high at the graphite/SEI interface at the start of the charging cycle when the intercalant is free of lithium, and then decreases with time as lithium accumulates within the graphite [17] [18] 21] . In addition, the internal resistance reaches its minimum immediately after starting the charging process and then increases rapidly [19] [20] . Taken into the two phenomena into consideration, In stage 1, a duty cycle of 20/23 with charge pulse width, tc=20s and rest pulse width, tr=3s is adopted. The decrease of the current density with the pulse number is set to be linear according to
Nc is the charging pulse number in the sequence; a and b are constants listed in Table 1 . The SOC range of stage 1 is 0~50%.
The second charging stage is composed of a multistage Constant Current-Constant Voltage (m-(CC-CV)) region. High current pulses of amplitude in the range of 2C-3C are used to the battery in the CC step. A CV step is applied after each high charging pulse which is favorable for the Li+ ions to diffuse into the crystal structure of the anode, slowing down the concentration gradient on the electrode surface. This step helps to retard side reactions rate. (50%<SOC<80%)
The third charging stage consists of a series of pulses with decreasing amplitude and a constant duty cycle of 6/9. The decreasing trend follows Eq.12 as well and its parameters a and b are listed in Table 1 .
The fourth charging stage is comprised of a pulse sequence with alternating amplitude. Every positive pulse comes with a negative one. The amplitude of positive pulses obey Eq.11 while the negative pulses remain constant. Specification of stage four is shown in Table 1 .( 90%<SOC<100%) 
Experimental and Simulation results
The batteries used in this study are the commercial NCM (Li[MnNiCo]O2) pouch type cell with 28 Ah nominal capacity. The lower and upper terminal voltage for the battery is 2.5V and 4.2V respectively. The CC-CV charging method (1C) is used as benchmark. The proposed fast charging method is simulated with simplified electrochemical model considering aging. The terminal voltage, surface temperature variation, lithiumion concentration at anode surface, side reaction rate and loss of ions of the two charging curves are demonstrated in Fig.4(a,b,c,d ,e), respectively. As is shown in Fig.4a , the simulated voltage of fast charge almost superposes the experimental result. The fast charging lasts only 2132s, nearly half of the CC-CV duration, 4345s. The amplitude of temperature change with fast charging method is decreased compared to 1C CC-CV condition in Fig.4b .This could happen due to a better diffusion characteristics for Li+ and minimized electrolyte polarization [18] [19] . In addition, the lithiumion concentration reaches the terminal value more rapidly for fast charging in Fig.4c . Even though the side reaction rate for fast charging profile is more intensive in the beginning stage as can been seen in Fig.4d 
Conclusion
A multistage fast charging for NMC battery is proposed in this paper. The pattern is based on the characteristics of side reaction and diffusion process in different SOC ranges. The experimental results show that a fully discharged cell can be recharged full within 35 min, faster than 1C CC-CV method. The temperature change for two protocols is investigated. The proposed charging curve could result in lower temperature fluctuation. The immeasurable surface concentrations in the electrodes, side reaction rate and loss of ions are calculated with a simplified transfer-function electrochemical model considering aging effects. The simulation cycling results demonstrates that the presented fast charging protocol could reduce the consumption of ions by side reactions in one cycle compared with widely used CC-CV charging profile, which mitigates the degradation phenomenon and validates the effectiveness of the fast charging curve. In the future work, extensive experiments of the fast charging method including cycling tests under different conditions will be carried out.
